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Abstract: An investigation was done to study the heterotic grouping and patterning in quality protein maize inbreds. Biochemical
screening resulted in the choice of 3 inbreds each with high (UQPM 2, UQPM 4, and UQPM 21) and low (UQPM 18, UQPM 19, and
UQPM 20) lysine and tryptophan contents respectively for genetic studies using diallel analysis. UQPM 20 × UQPM 18 was notable as it
possessed high standard heterosis and specific combining (sca) effect for grain yield, protein, tryptophan, and lysine. Based on yield sca,
the 6 parental inbreds were classified into 3 heterotic groups. Intergroup cross UQPM 20 × UQPM 18 was the best in yield and quality.
The superior heterotic pattern was flint × dent. In genetic diversity analysis using simple sequence repeat markers, the inbreds of the best
hybrid, UQPM 20 × UQPM 18, lay in same cluster but different subclusters. Correlations between genetic distance and sca effects were
low for grain yield, which hampers the prediction of heterosis from molecular data alone.
Key words: Heterotic group, heterotic pattern, quality protein maize, genetic diversity

1. Introduction
Maize (Zea mays L.; 2n = 20) is a principal cereal crop in
tropical and subtropical regions throughout the world.
The increasing use of maize as a staple food is reflected
through the much higher yields per hectare. Quality
protein maize (QPM) is a specialty maize type wherein the
content of essential amino acids lysine and tryptophan is
double compared to normal maize. The biological value
of common maize is 45% whereas that of QPM is about
80%. The current thrust is effective utilization of QPM
and its products in diversified ways by utilizing them in
a variety of products for use as infant food, health food/
mixes, convenience foods, and emergency ration (Vasal,
2000; Prasanna et al., 2001).
Heterosis, a manifestation of the superiority of
the F1 performance relative to parental performance,
is fundamentally concerned with inbreeding and
outbreeding. Hybrids are preferred over varieties in maize
for their yield potential. The strength of a breeding program
depends on the genetic variability in the base populations
and development of superior inbreds. Combining ability
plays a significant role in crop improvement, as it helps
the breeder to study and compare the performance of the
new lines in hybrid combinations. It provides the basis for
* Correspondence: rambikarajendran@gmail.com
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selecting good combiners and also for understanding the
nature of gene action. Apart from selection of superior
lines and analysis of their combining ability, placing them
in well-defined heterotic groups is essential to increase the
probability of success in heterosis breeding. Identification
and utilization of heterotic groups and their patterns
is essential in maize heterosis breeding (Hallauer et al.,
1988). A heterotic group is a group of related or unrelated
genotypes displaying similar combining ability and
giving a heterotic response when crossed to opposite or
other genetically distinct germplasm group (Melchinger,
1999). ‘Heterotic pattern’ refers to a specific pair of 2
heterotic groups that express high heterosis and high
hybrid performance in their cross. Looking at the history
of successful heterotic patterns in various crops, there is
evidence suggesting that genetically diverse populations
isolated by time, space, or pedigree are the most promising
candidates for heterotic patterns (Melchinger and Gumber,
1998). The high level of heterosis in a cross indicates
that parents are more genetically diverse than those of
crosses that show little or low heterosis (Mungoma and
Pollack, 1988). In many studies, genetic diversity among
inbred lines is being assessed based on morphological
data, which do not reliably portray genetic relationships
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due to environmental interactions. Therefore, utilization
of molecular markers that directly evaluate genetic
differences between inbred lines gives a better way to group
the inbreds and understand heterotic patterns. To measure
the effectiveness of molecular marker data in assigning
inbreds to heterotic groups, groupings based on genetic
distance values were compared to source information,
kernel type, and groupings based on specific combining
ability (sca) effects (Vaz Patto et al., 2004; Yu et al., 2007).
In the present study, an attempt is made to understand
the heterotic group and pattern of the available superior
QPM inbreds exclusively developed/maintained for QPM
hybrid breeding at Tamil Nadu Agricultural University
based on combining ability followed by the confirmation of
the same through determination of the extent of molecular
genetic diversity across the inbreds using simple sequence
repeat (SSR) markers having their origin from maize. The
specific objectives were: 1) to analyze combining ability of
yield characters and protein quality in QPM inbreds using

full diallel analysis; 2) to understand the heterotic pattern
and group the inbreds into different heterotic groups from
combining ability analysis based on yield; 3) to estimate
the genetic relationships and diversity among the QPM
inbreds using molecular markers; and 4) to examine the
consistency between yield-based and molecular markerbased groupings of the QPM inbreds.
2. Materials and methods
The material selected for the present study consisted of
20 QPM inbred lines (Table 1) maintained in the Maize
Unit, Department of Millets, Centre for Plant Breeding and
Genetics, Tamil Nadu Agricultural University, Coimbatore,
India. Biochemical procedures were adopted to estimate the
crude protein (Humphries, 1956), lysine, and tryptophan
contents (Theymoli Balasubramanian and Sadasivam,
1987; Biswas et al., 2001; Babu et al., 2004; Jompuk et al.,
2006) and screen 20 maize inbred lines. Considering the
grand mean of the parents (M) and the standard error

Table 1. Details of parent materials used in this study.
Sl. no.

Genotype

Grain type

Source

1

UQPM 1

Flint

TNAU, Coimbatore

2

UQPM 2

Flint

TNAU, Coimbatore

3

UQPM 3

Flint

TNAU, Coimbatore

4

UQPM 4 (6656)

Flint

DMR, New Delhi

5

UQPM 5

Flint

TNAU, Coimbatore

6

UQPM 6 (6657)

Flint

DMR, New Delhi

7

UQPM 7 (6662)

Flint

DMR, New Delhi

8

UQPM 8 (8662-12)

Flint

DMR, New Delhi

9

UQPM 9 (8664-8)

Flint

DMR, New Delhi

10

UQPM 10 (8654-10)

Dent

DMR, New Delhi

11

UQPM 11 (8655-8)

Flint

DMR, New Delhi

12

UQPM 12 (DMR 1204)

Flint

DMR, New Delhi

13

UQPM 13 (DMR 1026)

Dent

DMR, New Delhi

14

UQPM 14 (DMR 1161)

Flint

DMR, New Delhi

15

UQPM 15 (DMR 1201)

Flint

DMR, New Delhi

16

UQPM 17 (8659-2)

Flint

DMR, New Delhi

17

UQPM 18 (DMR 601)

Dent

DMR, New Delhi

18

UQPM 19 (DMR 606)

Dent

DMR, New Delhi

19

UQPM 20 (1204-1)

Flint

DMR, New Delhi

20

UQPM 21 (1204-2)

Flint

DMR, New Delhi
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(SE), if the parental mean value exceeded the value of M
+ SE, it was considered as desirable and indicated with +1;
if the mean value was below M – SE, it was undesirable;
and if the mean value was between M + SE and M – SE,
it was indicated as moderate. This reflects the status of
the parents as low, high, and moderate, respectively. Six
inbreds, 3 each with high and low levels of lysine and
tryptophan, were selected.
Hybridization in full diallel fashion was done among
selected inbred lines for genetic studies. The procedure
outlined by Griffing (1956) for method I, model I, was
adopted for diallel analysis. F1 hybrids along with parents
and a control local public commercial hybrid, COH(M)5,
were raised and evaluated for grain yield plant–1, yield
components, and quality traits in randomized block
design with 3 replications to study the combining ability
and heterosis. Analysis of variance was carried out by the
method suggested by Panse and Sukhatme (1961).
Grouping of inbreds was based on sca effects of grain
yield plant–1. The sca effect data for grain yield plant–1 were
used as dissimilarity coefficients for cluster analysis in the
unweighted pair group method with arithmetic averages
(UPGMA) method. The sca values were arranged in
decreasing order and divided into 3 classes (1–10, 11–
20, and 21–30). For each class, the number of crosses
within and between heterotic groups was obtained. The
hypothesis of a random versus a nonrandom distribution
of crosses between the classes (or a higher frequency of
crosses between heterotic groups in the classes with higher
values of sca) was tested using a chi-square test (Parentoni
et al., 2001). A specific pair of 2 heterotic groups that
express high heterosis and high hybrid performance in
their cross is identified as a heterotic pattern.
To assess diversity and to group the 20 inbreds at
the molecular level, a total of 80 SSR maize primer pairs
were used for PCR amplification of repeat sequences
from the genomic DNA of each inbred. SSR primers
selected for molecular diversity analysis covered all
the 10 chromosomes of maize such that 10 were from
chromosome numbers 1, 2, 3, 4, and 6; 6 primers from
chromosome 7; 9 primers from chromosome 5; 8 primers
from chromosome 4; 7 primers from chromosome 10; and
5 primers from chromosome 8. The sequence information
is available in the public domain (Maize Genome Database:
http://www.agron.missouri.edu).
DNA was extracted using the CTAB method (SaghaiMaroof et al., 1984) and the standard SSR protocol
was followed. The set of SSR scoring data gathered was
subjected to cluster analysis. Data analysis was done using
NTSYSpc version 2.02i (Rolf, 1997). Genetic distance
estimates were computed using the Dice coefficient as GDij
= 1 – GSij. Polymorphic information content (PIC) values
or expected heterozygosity scores for SSR (polyallelic)
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markers were calculated using the formula Hj = 1 – Σpi2,
where pi is the allelic frequency for the ith allele (Nei,
1973). To measure the relationship and predictive value
of molecular markers based on genetic distance for
assigning inbreds to heterotic groups, simple correlation
of genetic distance values between 6 parental inbreds with
intracluster and intercluster sca effect was computed.
3. Results
The biochemical screening resulted in the choice of 3
inbreds (UQPM 2, UQPM 4, and UQPM 21) with high
levels of lysine and tryptophan and 3 inbreds (UQPM 18,
UQPM 19, and UQPM 20) with low contents of lysine and
tryptophan. All parents possessed yellow grain. Parents
UQPM 2, UQPM 4, UQPM 21, and UQPM 20 had flint
grain texture while parents UQPM 18 and UQPM 19 had
dent grain texture. The mean performance of 6 parental
inbred lines and resultant 30 single-cross hybrids including
reciprocals is given in Table 2. UQPM 21, UQPM 18, and
UQPM 20 were the most desirable parents since they
had desirable mean values for grain yield plant–1. With
respect to quality characters, UQPM 19 showed desirable
grain protein; UQPM 2, UQPM 4, and UQPM 21 showed
desirable grain lysine and grain tryptophan. UQPM 21 was
suitable with desirable grain yield plant–1, grain protein,
grain lysine, and grain tryptophan. Six hybrids from direct
crosses and 8 hybrids from reciprocal crosses possessed
desirable mean values for grain yield plant–1, 6 from direct
crosses and 10 from reciprocal crosses possessed desirable
mean values for grain protein, and 4 from direct crosses
and 8 from reciprocal crosses possessed desirable mean
values for grain tryptophan and lysine, surpassing the
hybrid M + SE value.
Analysis of variance showed highly significant variation
among the 6 inbreds for all 16 characters, suggesting
enough genetic diversity among the genotypes for these
characters. The analysis of variance for combining ability
revealed significance of general combining ability (GCA),
specific combining ability (SCA), and reciprocal combining
ability (RCA), indicating that additive, epistatic genetic
components and cytoplasmic genes were influencing the
inheritance of these characters. The ratio of additive to
nonadditive variance was greater than 1, indicating that
the additive type of gene effects was more important in
the expression of days to tasseling, days to silking, number
of grain rows, grain length, grain breadth, grain width,
100-grain weight, grain yield plant–1, and grain protein, and
thus simple selection would confer rapid improvement of
these characters. The nonadditive type of gene effects was
more important for plant height, ear height, cob length,
cob girth, grains cob–1, grain tryptophan, and grain lysine,
and hence selection of these traits could be delayed to later
generations until the nonadditive portion is mitigated to
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Table 2. Mean performance for parents and hybrids for grain yield, protein, tryptophan, and lysine.
Parents/hybrids

Grain yield
plant–1 ( g)

Grain protein
(percent)

Grain tryptophan
(percent)

Grain lysine
(percent)

UQPM2
UQPM4
UQPM21
UQPM18
UQPM19
UQPM20
Parental mean

40.3
78.3
167.6
176.2
112.4
163.6
123.1

9.700
8.100
11.600
12.100
10.300
9.100
10.150

0.106
0.105
0.127
0.066
0.071
0.064
0.078

0.403
0.399
0.483
0.251
0.270
0.242
0.341

237.0
246.8
267.8
252.7
257.0
214.2
283.9
248.5
244.8
224.6
221.4
233.9
253.4
219.3
200.5

9.800
14.100
14.100
11.900
12.000
12.100
9.800
11.900
15.100
12.100
9.800
11.900
11.900
9.800
11.900

0.106
0.122
0.114
0.106
0.173
0.117
0.151
0.173
0.113
0.107
0.102
0.117
0.163
0.109
0.113

0.404
0.468
0.433
0.399
0.658
0.442
0.575
0.663
0.430
0.408
0.388
0.442
0.618
0.414
0.428

261.9
200.0
215.8
214.0
284.0
218.4
244.6
216.4
283.8
253.3
263.7
278.7
253.5
289.0
256.5
244.65
124.4
221.68
0.60
1.69
2.26

12.100
15.100
15.100
12.100
12.100
10.900
13.100
12.100
12.100
9.800
11.000
11.000
9.800
12.000
12.000
11.950
7.000
11.520
0.006
0.014
0.027

0.178
0.134
0.137
0.098
0.112
0.173
0.176
0.161
0.099
0.122
0.106
0.109
0.171
0.138
0.102
0.130
0.052
0.130
0.001
0.003
0.004

0.678
0.510
0.513
0.373
0.423
0.654
0.667
0.612
0.376
0.469
0.403
0.411
0.648
0.518
0.395
0.500
0.194
0.460
0.001
0.004
0.005

Direct hybrids
UQPM2 × UQPM4
UQPM2 × UQPM21
UQPM2 × UQPM18
UQPM2 × UQPM19
UQPM2 × UQPM20
UQPM4 × UQPM21
UQPM4 × UQPM18
UQPM4 × UQPM19
UQPM4 × UQPM20
UQPM21 × UQPM18
UQPM21 × UQPM19
UQPM21 × UQPM20
UQPM18 × UQPM19
UQPM18 × UQPM20
UQPM19 × UQPM20
Reciprocal hybrids
UQPM4 × UQPM2
UQPM21 × UQPM2
UQPM21 × UQPM4
UQPM18 × UQPM2
UQPM18 × UQPM4
UQPM18 × UQPM21
UQPM19 × UQPM2
UQPM19 × UQPM4
UQPM19 × UQPM21
UQPM19 × UQPM18
UQPM20 × UQPM2
UQPM20 × UQPM4
UQPM20 × UQPM21
UQPM20 × UQPM18
UQPM20 × UQPM19
Hybrid mean
COH(M) 5 (control)
General mean
SE
CD (5%)
CD (1%)

13

RAJENDRAN et al. / Turk J Biol

the additive portion as these characters showed higher SCA
variance over GCA variance. Variances due to reciprocal
effects were highly significant in all characters. Hence, it
is suggested that reciprocal crosses should be included in
the evaluation of single cross hybrids. UQPM 20 × UQPM
18 was worthy as it possessed high standard heterosis and
sca effect for grain yield plant–1, grain protein, grain lysine,
and grain tryptophan.
3.1. Heterotic grouping and patterning
Three heterotic groups were proposed on the basis of
cluster analysis using UPGMA on sca effects of yield data
(Figure 1). The possible existence of 3 heterotic groups
instead of 2 was tested by calculating the means of sca
effects within and between heterotic groups. The classical
concept of a heterotic group was to test if the higher values
of sca effects of 30 crosses using 6 parental inbreds were
distributed more between crosses than within crosses.
Based on the number of inbreds in each heterotic
group (4 in Group I and 1 each in Groups II and III), the
number of crosses expected within heterotic groups was
12 and the number of crosses expected between heterotic
groups was 18. The frequency of crosses expected within
and between heterotic groups, assuming a random
distribution, was 0.40 and 0.60, respectively. The

hypothesis of a random versus a nonrandom distribution
of crosses within and between heterotic groups when the
values were arranged in decreasing order was tested using
a chi-square test. However, chi-square values showed
that observed grouping did not differ significantly from
expected grouping. A higher proportion of crosses
between heterotic groups was found in classes with
higher sca effects (Classes 1–10 and Classes 11–20) and a
higher proportion of crosses within heterotic groups was
found in crosses with lower sca effects values (Classes 21–
30) (Table 3). In concurrence with the above reports, the
most superior hybrid in this study for yield and quality
was found to be UQPM 20 × UQPM 18. This hybrid
pertains to an intergroup (III × I) with flint × dent grain
type of combination. Intergroup hybrids in heterotic
groups enable the efficient use of heterosis by selecting
crossing parents from divergent pools.
In hybrid maize breeding, the flint and dent genotypes
are considered as divergent entries and exploited for the
development of heterotic hybrids. Dent × flint and flint ×
dent hybrids give heterotic combinations. The analysis of
the top 11 high-yielding and best-quality hybrids showed
3 flint × dent, 2 dent × flint, 1 dent × dent, and 5 flint ×
flint hybrids.

UQPM 2
UQPM 18
UQPM 4
UQPM 21
UQPM 19
UQPM 20

–1.00

–0.80

–0.60
Coefficient

–0.40

–0.20

Figure 1. Cluster diagram of parental QPM in inbreds using sca effect as the similarity
coefficient in UPGMA method.
Table 3. Chi-square analysis used to confirm the number of heterotic groups using highest sca effect (Classes 1–10 and
11–20) to lowest sca effect (Classes 21–30).

Class

Crosses between heterotic groups Crosses within heterotic groups

Probability

4

1.67ns

<0.01

5

4

0.50ns

<0.01

6

4

1.67

<0.01

Expected

Observed

Expected

1–10

8

6

2

11–20

5

6

16–30

4

6

λ2 table value = 6.31 (1%). ns = not significant.
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Chi-square

Observed

ns
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3.2. Clustering based on SSR markers
Analysis of genetic structure and diversity among maize
inbred lines as inferred from DNA microsatellites could
be a timely tool for identifying the right inbreds for maize
hybrid breeding. The total number of polymorphic markers
observed among the 20 genotypes after the SSR analysis
involving 80 primer pairs derived from maize was 311. The
number of alleles generated per primer pair ranged from 2
(umc1143, phi126, bmc1018, umc1859, bmc1893, bnlg420,
bmc1154, umc1223, phi050, bnlg602, phi052, phi096,
bnlg594, umc1359, bnlg602) to 13 (bnlg118), with an
average of 3.89. The PIC value for the primer pairs ranged
from 0.12 (phi006) to 0.99 (phi064 and phi065), with an
average of 0.81. The annealing temperature ranged from
64.1 °C (umc1545) to 48.5 °C (phi037). The dendrogram
of test genotypes was constructed using SSR primer pairs.
In the present study, although all clusters are very discrete
and well separated from the other clusters, each cluster
is fairly heterogeneous as well and contains more than 1
subgroup. Regarding the position of the 6 inbreds used
exclusively for the crossing and hybridization program
after screening among 20 inbreds in the clustering based
on SSR genetic distance, inbred UQPM 2 falls in Cluster
A, inbred UQPM 4 falls in Cluster B, and inbreds UQPM
18, UQPM 19, UQPM 20, and UQPM 21 fall in Cluster
D. Inbreds UQPM 2 and UQPM 4 are genetically distinct
from the other inbreds, UQPM 18, UQPM 19, UQPM 20,
and UQPM 21 (Figure 2). Furthermore, within Cluster D,
the inbreds are subclustered into 2 groups. UQPM 18 alone
falls into 1 subcluster and the other 3 inbreds (UQPM 19,
UQPM 20, and UQPM 21) fall into another subcluster. The
best hybrid identified in this study, UQPM 20 × UQPM 18,
lies in the same cluster but a different subcluster.

3.3. Correlation of marker-based genetic distance with
sca effect for grain yield plant–1
The correlation coefficient between genetic distance
estimates of 6 parental lines and their corresponding sca
effects for grain yield was not significant. The correlation
among genetic distance values and intracluster sca (r =
–0.101) was negative and not significant. Similarly, in the
case of intercluster relations, the genetic distance values
and sca effects showed a correlation coefficient (r) of
–0.176, which was negative and not significant.
4. Discussion
The knowledge of general combining ability (gca) effects of
parents coupled with higher mean performance increases
the frequency of getting desirable hybrids. Combining
ability analysis showed that gca effects were more
pronounced than sca effects, indicating the predominance
of nonadditive gene action in the inheritance of grain yield,
unlike the results of Kara (2001). Highly significant positive
combining ability effects were observed in many crosses that
involved parental combinations of high × high, high × low,
and low × low general combiners, indicating the presence of
complementary gene action for grain yield plant–1 in maize.
Methods used in heterotic grouping are pedigree
analysis (Wu, 1983; Wang et al., 1997), quantitative genetic
analysis, and molecular markers. Quantitative genetic
analysis uses cluster analysis based on the sca effect to
classify inbred lines into heterotic groups. Diallel and line
× tester analysis are designed to provide information about
sca effect and thereby heterotic relationships among the
parents. In this experiment, the sca effects for grain yield
plant–1 have been considered to be a major criterion for
classifying inbred lines.
UQPM1
UQPM2
UQPM3
UQPM4
UQPM5
UQPM7
UQPM8
UQPM9
UQPM10
UQPM11
UQPM12
UQPM13
UQPM6
UQPM14
UQPM15
UQPM17
UQPM18
UQPM19
UQPM20
UQPM21

0.39

0.51

0.63

0.75

0.80

Figure 2. Dendrogram of 20 QPM inbreds using 311 maize SSR markers.
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In agreement with the test of the hypothesis, a higher
frequency of crosses between heterotic groups existed
in the class with higher sca effects and the contrary was
true in the class with lowest sca effects values. Hence,
the grouping was promising with a higher value of sca
effects between the groups. Similar results were obtained
by Parentoni et al. (2001). The use of information on sca
effects for heterotic grouping can be found in several
studies (Menkir et al., 2004; Xia et al., 2005; Tams et al.,
2006; Librando and Magulama, 2008). Alternatively, midparent heterosis and hybrid performance may also be used
to classify inbreds into groups (Reif et al., 2003; Soengas et
al., 2003). Based on diallel analysis, heterotic grouping has
been done by Parentoni et al. (2001), Musteata and Mistret
(2002), Geleta et al. (2004), and Barata and Carena (2006).
The number of inbreds assigned to Group I, Group
II, and Group III was 4 (UQPM 2, UQPM 18, UQPM 4,
UQPM 21), 1 (UQPM 19), and 1 (UQPM 20), respectively
(Figure 1). The inbred lines with different grain types (flint
and dent) tended to form distinct groups based on the sca
effects. Composition of each group was as follows: Group
I had mainly 3 flint-type grains and 1 dent-type, Group
II had 1 dent-type grain, and Group III had 1 flint-type
inbred. The superior hybrid UQPM 20 × UQPM 18 was
an intergroup hybrid (III × I) with flint × dent grain-type
combination. Heterosis was highly influenced by crosses
within and between the groups (Vasal et al., 1993). The
higher mean mid-parent heterosis and per se hybrid
performance of hybrids within and between heterotic
groups (I, II, and III) indicated the superiority of intergroup
hybrids over the intracluster hybrids. The superior yield
and the quality performance of intergroup over intragroup
crosses are well documented in maize (Hallauer et al.,
1988; Melchinger and Gumber, 1998; Xingming et al.,
2001; Menkir et al., 2004; Barata and Carena, 2006).
Knowledge about existing groups allows the focus to be
only on promising crosses between the groups and thus
reduces costs for producing and evaluating large numbers
of crosses. The same was inferred in several other studies
(Messmer et al., 1992; Benchimol et al., 2000; Riaz et al.,
2001; Xingming et al., 2001; Zhang et al., 2002; Barata and
Carena, 2006; Qian et al., 2007).
Grouping in this study was not related to the grain type
of inbred lines completely. It is no longer possible to classify
lines as flint or dent based on grain type alone because new
generations of lines of mixed origin are becoming available
and breeders are attempting to eliminate the weakness
of the flint germplasm by introducing dent germplasm
(Messmer et al., 1992; Menkir et al., 2004). On the
contrary, there are also established heterotic groups that
clearly separated flint lines from dent lines (Zeng, 1990;
Dudley et al., 1991; Dubreuil et al., 1996; Bidhendi et al.,
2012).
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The heterotic pattern increases the efficiency of
hybrid development, inbred recycling, and population
improvement. The most promising heterotic patterns
were determined for use in a hybrid breeding program
based on the gca effect of either 1 or both parents, hybrid
performance, and highest sca effects. The heterotic pattern
between US dent × European flint was established based
on the geographic origin and kernel types in Europe. Some
developing countries in tropical areas established potential
patterns, such as Tuxpeno × ETO, Tuson × Tuxpeno, Cubu
flint × Tuxpeno, or Sawani × Tuxpeno (Vasal, 1999). In
this study, the analysis of the top 11 high-yielding and
best-quality hybrids showed 3 flint × dent, 2 dent × flint,
1 dent × dent, and 5 flint × flint hybrids. It may be noted
that the top hybrid in yield and quality is from a flint ×
dent combination. Vasal et al. (1993) reported that dent ×
flint and flint × dent hybrids gave heterotic combinations.
Moreno-Gonzalez (1988) studied a set of crosses involving
flint × flint, flint × dent, and dent × dent and reported flint
× dent and dent × dent to be superior to flint × flint crosses.
The gca effects for yield were higher in dent parents than in
flint. Flint × flint is an alternative in breeding programs to
obtain early-maturing and high-yielding hybrids (Soengas
et al., 2003).
The development of SSR markers has provided a tool
to assess the genetic diversity among inbred lines and to
assign them to different heterotic groups (Smith et al., 2000;
Bantte and Prasanna, 2004; Tian et al., 2004; Reif et al., 2005;
Balestre et al., 2008). The total number of alleles reported
in diversity studies is usually proportional to sample size
and some differences seen here may be attributable to
sampling differences. Another factor that influences the
number of alleles reported is the use of dinucleotide repeat
SSRs, which can greatly increase the number of alleles.
Therefore, a higher number of alleles would be expected
in studies that exclusively used dinucleotide repeats
SSRs (Xia et al., 2004). Clustering patterns based on SSR
markers of maize origin were very distinct and all the
genotypes were distinctly separated from each other. Gethi
et al. (2002) reported similar clustering patterns. Eighty
primer pairs derived from maize genome produced a total
of 311 alleles with an average of 3.89 per primer pair. The
results obtained in the present study are in accordance
with the results (3.80 alleles per primer) of Barata and
Carena (2006). Legesse et al. (2006) noticed 3.85 alleles per
primer using 27 SSR primer pairs in 56 inbred lines. Bantte
and Prasanna (2003) and Pinto et al. (2003) reported an
average of 3.25 alleles per primer. The average PIC value
(0.81) determined in our investigation agreed well with
the earlier findings reported based on SSR marker in maize
inbred lines (Ranatunga, 2006). PIC demonstrates the
informativeness of the SSR loci and their potential to detect
differences among the inbred lines based on their genetic
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relationships. According to Botstein et al. (1980), values for
PIC exceeding 0.50 indicate highly informative loci, values
ranking from 0.50 to 0.25 indicate moderately informative
loci, and values below 0.25 indicate uninformative loci.
Seventy-five primers were highly informative, 3 moderately
information, and 2 uninformative in our results.
The best hybrid, UQPM 20 × UQPM 18, was an
intracluster hybrid based on genetic diversity at the
molecular level. Similarly, the other best hybrids, UQPM
18 × UQPM 19, UQPM 18 × UQPM 21, and UQPM
20 × UQPM 21, include inbreds belonging to the same
cluster but different subclusters. The intercluster hybrids
identified were UQPM 4 × UQPM 18, UQPM 4 × UQPM
19, UQPM 21 × UQPM 4, UQPM 2 × UQPM 20, UQPM
4 × UQPM 2, UQPM 19 × UQPM 2, and UQPM 21 ×
UQPM 2. Therefore, it seems difficult to predict hybrid
performance and/or heterosis among inbreds by using
their genetic distance based on molecular markers alone
(Qian et al., 2007). The results of genotyping 20 maize
inbreds with SSR markers established a benchmark for
genetic diversity existing across the inbreds involving
more markers for genotyping, which is expected to group
the genotypes in a better manner. The genetic distance
between 2 inbreds based on SSR marker genotyping could
be employed to identify the right kind of inbreds to make
a crossing. DNA marker profiles can be used as a criterion
for the prediction of heterosis in maize and also hybrid
identification (Pushpavalli et al., 2002). Extensive yield
trials are required to evaluate hybrid performance due to
the large number of hybrids produced. Hence, prediction
of superior crosses would increase the efficiency of hybrid
breeding. The use of molecular markers has provided
an important advance in genetic variability studies and
generated new interest in their application to predicting
hybrid performance (Dias et al., 2004; Li et al., 2005).
In the present study, the genetic distance estimates
were not significantly correlated with sca effects for yield.
Thus, prediction of hybrid performance to exclude inferior
crosses before field testing was not feasible with the aid of
the set of molecular markers used in this study, irrespective
of the marker system or genetic distance estimate used.
The result of this study showed that genetic distance, in
general, correlated poorly with heterosis. Previous studies
in various crop species such as maize (Guimaraes et al.,
2007), rice (Kwon et al., 2002), wheat (Martin et al., 1995),
alfalfa (Riday et al., 2003), and chickpea (Sant et al., 1999)
also showed low correlations between genetic distance and
heterosis. However, Mumm and Dudley (1994), Hahn et al.
(1995), Senior et al. (1998), Zhao et al. (1999), Wu (2000),
Rafalski et al. (2001), Fan et al. (2003), and Tan et al. (2004)
reported strong correlations between genetic distance and

heterosis in maize. Model-based population structure
analysis, principal component analysis, neighbor-joining
cluster analysis, and discriminant analysis indicated
the presence of 3 major groups agreeing with pedigree
information. However, the single nucleotide polymorphic
markers did not show clear separation of heterotic groups
A and B that were established based on combining ability
tests through diallel and line × tester analyses (Semagn et
al., 2012).
Low correlation between heterosis and genetic distance
can be attributable to use of a subset of markers not linked
to yield or concerned traits (Parentoni et al., 2001; Zhang
et al., 2002). Although poor correlations between genetic
distances (SSR) and heterosis were observed, the majority
of the progeny expressed appreciable levels of heterosis in
the desired directions of grain yield plant–1. Thus, heterosis
probably also exists due to different allelic combinations
at particular loci in each parent, which, when brought
together in hybrid combinations, complement each other,
resulting in heterosis expression (Bingham et al., 1994).
A few loci may not be directly related to observable
morphological differences but could have an effect on the
physiology of the plant (Ridley et al., 2002).
4.1. Strategy for heterotic grouping research in the future
Utilization of new germplasm will broaden the genetic
background of hybrid maize breeding. It means the
extension of heterotic groups and patterns with the
introduction of new germplasm. Heterosis is not only
dependent upon the genetic distance between clusters
or subgroups; the distances among clusters were not
significant enough, but the deviations were very small
among the clusters, and the diversity within a group gets
remarkable as the entries increase. Several factors influence
heterosis. The interaction among genes has not been
considered in this heterotic grouping and pattern analysis.
It is reasonable to consider the inability of grouping based
only upon genetic distance. The heterotic groups and
patterns are connected with gene interactions, but there is
lack of approaches to distinguish the gene interactions for
the purpose of analysis of genetic diversity.
The best strategy is grouping the exotic germplasms
and matching them with the current groups and patterns
before improving these lines and utilizing them in hybrid
maize breeding efforts. Semiexotics and composites
between domestic and exotic germplasm can be composed
based on the data of heterotic patterns. Another strategy
could be to improve heterosis by recycling and selecting
superior lines within groups based on hybrid performance
when crossed with lines from other groups and on inbred
performance per se.
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